Mode I and mode II stress intensity factors (SIFs) through the thickness of edge crack in semi circular bend (SCB) and center cracked circular disc (CCCD) specimens have been analyzed using three dimensional finite element analysis. The effect of the CCCD and SCB specimen thickness on the through-thickness variations of SIFs has been studied. For all mode of mixity, the peak value of mode I SIF is found at mid plane of SCB specimen and for thin CCCD specimen, while, this location is shifted to be near the free surface plane in thick CCCD specimen. The variation of mode II SIF in CCCD and SCB specimens have a similar trend.
Introduction
Cracks experience a combination of two major modes of loading: mode I and mode II due to arbitrary orientation of flaws relative to the overall applied loads. Two frequently employed disc type specimens are the center cracked circular disc (CCCD), subjected to diametral compression, often called the Brazilian disc, and the edge cracked semi circular bend (SCB) specimen subjected to threepoint bend loading. The major advantages in using these two specimens are that specimens can be easily extracted from the cores of rocks materials, they have a simple geometry and simple loading configuration. In addition, the test procedure is straightforward, there are few machining operations and different mode of mixities may be introduced from pure mode I to pure mode II. Hence these test specimens have been used frequently to investigate mixed mode crack growth of rock materials, concrete, biomaterials, and other material (e.g. Chen et al. 1998; Ouinas et al. 2009; Aliha & Ayatollahi, 2009 Sallam & Abd-Elhady, 2012; AL-Maghrabi & Abd-Elhady, 2013; Aliha et al., 2010 Aliha et al., , 2012a Saghafi et al., 2010) . Ayatollahi and Aliha (2007) depicted that the normalized mode I and mode II stress intensity factor are functions of the crack length ratio a/R and crack angle  only for CCCD specimen and crack length ratio a/R, crack angle  and S/R for SCB specimen as shown in Fig. 1 .
Fig. 1. Geometry and loading conditions of CCCD and SCB specimens subjected to mixed mode I/II loading
The stress state near an actual crack tip is always three-dimensional and can significantly influence crack growth. Hutar et al. (2010) show that, the stress singularity exponent is not constant along the crack front and the stress field around the crack tip are usually based on stress intensity factors. Garcia-Manrique et al. (2013) used Al 2024-T35 compact tension specimen under mode I nominal loading to evaluate the SIFs distribution along the thickness. They concluded that, a smaller SIFs value is present near the surface than in the interior causing a smaller plastic zone than the expected value with plane stress condition. Kwon and Sun (2000) concluded that, except for plates with very large thicknesses, the 2-D SIFs is quite different from the 3-D SIFs at the mid-plane. Furthermore, the profile of stress intensity along the thickness direction is still in question. Kown and Sun (2000) stated that, SIFs should drop to zero at the plate free surface due to the weaker singularity than square root, but this is difficult to obtain by the finite element method Accurate stress analyses of these through-cracks components are needed for reliable prediction of their crack-growth and fracture strengths. However, because of the complexities of such problems, exact solutions are not available. To the best knowledge of the author, SIFs through the thickness of edge crack in SCB and CCCD specimens is still not fully studied. Among the very few research studies in this field, Aliha and Saghafi (2013) performed recently several three-dimensional numerical analyses to study the effect of thickness and Poisson's ratio on mixed mode fracture parameters of the SCB specimen. Therefore, this paper concentrated on computation the SIFs through the thickness of CCCD and of SCB specimens for different specimen thicknesses and mode of mixities using 3D FEA. Fig. 1 shows the geometry and loading condition of the CCCD and SCB specimens used for mixed mode I/II fracture tests. In the CCCD specimen, the orientation of the center crack of length 2a
Finite element analysis
relative to the applied load P is defined by the angle and varies the state of crack deformation, giving different combinations of modes I and II. Similarly for the SCB specimen, by changing the inclination angle  of the edge crack of length a with respect to the applied load P, various mode of mixities can be achieved. For both specimen shapes,  = 0 o corresponds to pure mode I (opening mode) loading. By increasing the loading angle  from zero, mode II is introduced.
To study the effect of mode of mixity and the effect of specimen thickness, B, on through-thickness stress intensity factor, several CCCD and SCB specimens with different crack angles were simulated. The geometry and dimensions of the CCCD and SCB specimens are listed in Table 1 . For the sake of comparison, the basic dimensions of CCCD and SCB specimens R (specimen radius), 2t or B (specimen thickness), and a were considered to be the same for each two corresponding specimen sizes (see Table 1 ). SCB specimen is placed on two bottom supports of distance 2S. Thus, the ratio of a/R was equal to 0.3 and the ratio of S/R was 0.43 in the SCB specimens. Mixity parameter, M e , is defined as (Aliha et al., 2010) :
where K I and K II are mode I and mode II stress intensity factors, respectively. In the present analysis, the values of M e varied through 1 (pure mode I), 0.75, 0.5, 0.25 and 0 for pure mode II.
The general-purpose finite element program ABAQUS (2002) was used. A three-dimensional finite element model has been developed to account for geometric and material behavior of isotropic material. In the present work, the domain integral method used to extract stress intensity factors (SIFs). The domain integral method has proven useful for both two and three-dimensional crack problems. In the domain integral method, a crack-tip contour integral is expressed as an equivalent domain/volume integral over a finite domain surrounding the crack tip. A domain integral method commonly used to extract stress intensity factors (SIFs) (Nakamura & Parks, 1989; Nakamura, 1991; Gosz et al., 1998; Gosz & Moran 2002) . The finite element meshes constructed with hexagonal structural mesh, C3D8 (8-node linear brick) elements, are used under Standard/static analysis. Around from 32 planar layers are divided through the thickness of the specimen varying with the plate thickness. Within each layer, the size of element decreases gradually with distance from the crack tip decreasing. The finite element meshes in the neighborhood of the crack tip are much denser. The values of mode I and II stress intensity factor were traced over the crack front of the specimen from the mid plane of specimen where z = 0 to the specimen surface where z = t. In the present analysis, the mode I and mode II normalized stress intensity factors are denoted as Y I and Y II , respectively, and it can be deduced from Lim et al. (1993) and Hutar et al. (2010) . The general formula for normalized stress intensity factor Y i , which is defined as:
where: K I = mode I stress intensity factor K II = mode II stress intensity factor t = B/2 half specimen thickness P = applied load R = radius of specimen a = crack length 122
The normalized mode I and mode II stress intensity factors at the midpoint of the specimen (at z = 0) are Y Imp and Y IImp , respectively, and at surface point of specimen (at z = t) are Y Isurf and Y IIsurf . 
Results and discussion
To /Y Imp decreases gradually with increasing z/t up to z/t equals about 0.8 then the rate of decreasing change from gradually to sharply decrease for both specimens and all mode of mixities. For B/R > 0.2 the distribution of Y I /Y Imp is not the same for both specimens. In the case of CCCD specimen, the value of Y I /Y Imp increases gradually to its peak value Y Imax , then decreases sharply up to the specimen surface, i.e. bell shape. It is worth to note that, SIFs at the specimen surface should be equal zero, but it is difficult to get it by using FEM as mentioned by Kown and Sun (2000) . The site of peak value of the Y I /Y Imp is near the specimen surface. The peak value of Y I /Y Imp of CCCD specimen increases by increasing B/R. This finding is in agreement with Wu (2006) . However, in the case of SCB specimen the shape of Y I /Y Imp -z/t curve is not affected by B/R or mode of mixity, i.e. the peak value of Y I /Y Imp is at the mid plane. This peak value of Y I /Y Imp decreased by increasing B/R, i.e. opposite trend of CCCD specimen with B/R > 0.2. Therefore it can be concluded that, the shape of Y I /Y Imp -z/t curve is similar for all mode of mixities and B/R for SCB specimen and the peak value is found at the mid plane. In the case of CCCD specimen, the shape of Y I /Y Imp -z/t curve depends on the specimen thickness. For thin specimen (B/R= 0.2), the shape is similar to that in SCB specimen, while, the bell shape is found for B/R > 0.2 and the peak value is near the specimen surface. In these cases, the normalized mode I stress intensity factor is not only function of a/R,  as concluded by Ayatollahi and Aliha (2008) but also function of z/t. 
Conclusions
The 3D FEA of mode I and mode II SIF through the crack front in SCB and CCCD specimens reveals the following conclusions:
1-The normalized mode I stress intensity factor (Y I /Y Imp ) is not only function of a/R,  but also function of z/t. 2-The shape of Y I /Y Imp -z/t curve is similar for all mode of mixities and B/R for SCB specimen and the peak value is found at the mid plane. 3-In the case of CCCD specimen, the shape of Y I /Y Imp -z/t curve depends on the specimen thickness. For thin specimen (B/R= 0.2), the shape is similar to that in SCB specimen, while, the bell shape is found for B/R > 0.2 and the peak value is near the specimen surface. 4-For both specimens, the maximum value of normalized mode II stress intensity factor located at the specimen surface.
